Glucocorticoids have an important role in renal acidification; however, a direct effect of glucocorticoids on proximal convoluted tubule (PCT) acidification has not been directly demonstrated. In the present in vitro microperfusion study PCT from animals receiving dexamethasone (600 micrograms/kg twice daily for 2 d and 2 h before killing) had a significantly higher rate of bicarbonate absorption than did controls (92.0 +/-13.3 vs 59.9 +/-3.2 pmol/mm.min, P < 0.01). To examine if glucocorticoids had a direct epithelial action, dexamethasone was added to the bath of PCT perfused in vitro. After 3 h of incubation in paired experiments 10(-6) M and 10(-5) M dexamethasone resulted in an approximately 30% stimulation in the rate of bicarbonate absorption. 10(-7) M dexamethasone and 10(-6) M aldosterone had no effect on bicarbonate absorption. The stimulation of acidification by 10(-5) M dexamethasone was blocked by actinomycin D and cycloheximide. These data are consistent with a direct effect of glucocorticoids on PCT acidification, and this effect is dependent upon protein synthesis. 
Introduction
Administration of glucocorticoids has been shown to increase acid production ( 1, 2) , increase ammonia (1) (2) (3) (4) (5) and net acid excretion ( 1, 2, 5) , and increase plasma bicarbonate concentration (1, 3) . Adrenalectomized animals have a decrease in net acid excretion (5, 6) , and a decrease in net acid excretion upon acid loading (2, (6) (7) (8) . However, there are no data which adequately assess the effect of pure glucocorticoid deficiency on renal net acid excretion or systemic acid-base equilibrium.
The majority of renal bicarbonate absorption occurs in the proximal tubule, where proton secretion is largely mediated by the Na+/H+ antiporter (9) . Previous studies have demonstrated that systemic administration of dexamethasone increases Na+ / H + antiporter activity, whereas adrenalectomy did not produce a decrease in antiporter activity (8, 10, 11 ). This effect of dexamethasone is caused by an increase in the Vmax of the Na+/H+ antiporter, with no change in the Km for sodium ( 11 ) .
Whereas these studies suggest that glucocorticoids may have a direct proximal tubular effect to stimulate acidification, this has not been directly examined. In addition, glucocorticoids have systemic and hemodynamic effects which could affect proximal tubule transport independent of a direct hormonal effect on the proximal tubule epithelium. The purpose of the present in vitro microperfusion study was to examine if glucocorticoids stimulate proximal tubule acidification, and if there was a direct effect of glucocorticoids on the proximal tubule independent of potential systemic effects.
Methods
Midcortical and juxtamedullary rabbit proximal convoluted tubule (PCT)' were perfused as previously described ( 12, 13) . Briefly, kidneys from adult New Zealand White rabbits were cut in coronal slices. PCT were dissected in a cooled (4°C) ultrafiltrate-like solution containing 115 mM NaCl, 25 mM NaHCO3, 4 mM Na2HPO4, 10 mM Na acetate, 1.8 mM CaC12, 1 mM MgSO4, 5 mM KCI, 8.3 mM glucose, and 5 mM alanine.
Tubules were perfused with the above ultrafiltrate-like solution and bathed in a similar solution containing 6 g/dl albumin (Fraction V; Sigma Chemical Co., St. Louis, MO). The albumin was dialyzed against distilled water (Spectrapor Dialysis tubes with 12,000-14,000 MW cut off; Spectrum Medical Industries, Los Angeles, CA) for at least 480 before addition of salts. All solutions were bubbled with 95% 02 and 5% CO2 and had a pH of 7.4. The osmolality of the perfusate and bath were adjusted to 295 by the addition of H20 or NaCl. All tubules were perfused at -10 nl/min at 38°C in a 1 ml temperaturecontrolled bath. The bath fluid was changed at a rate of0.5 ml/min to maintain a constant bath osmolality and pH. The control collections began after a 90-min equilibration period.
Net volume absorption (Jv, in nl/mm * min) was measured as the difference between the perfusion (VO) and collection (VL) In studies designed to examine whether glucocorticoids had a direct effect on PCT transport, collections were made for measurement of volume absorption and bicarbonate transport in the control period. The bathing solution was then changed to one which contained 0 M, 10-7 M, 10-6 M, or 1-0 M dexamethasone. The rates of volume absorption and bicarbonate absorption were again measured starting at 1 h and 3 h after the addition ofbath used in the experimental period. To examine if mineralocorticoids affected PCT transport, 10-6 M aldosterone was added to the bathing solution after the control period. In studies designed to examine if the direct effect of 10' M dexamethasone was dependent on RNA and protein synthesis, 10-7 M actinomycin D and 5 Ag/ml cycloheximide were used. In these studies cycloheximide was added to the bath in the experimental period with 1-' M dexamethasone. Actinomycin D was added after the control period, but 20 min before the addition of 1-' M dexamethasone. Measurements of volume absorption, bicarbonate absorption, and PD were performed starting 1 and 3 h after the addition of 1 0-s M dexamethasone. To examine if 10-7 M actinomycin D or 5 ,g/ml cycloheximide had an effect on transport, studies were carried out with these agents without dexamethasone.
There were at least three measurements ofeach parameter for each tubule. The mean values for total CO2 flux, net volume absorption, and transepithelial potential difference in a given tubule were determined.
Data are means±SE for the tubules in a group. The Student's t test for paired and unpaired data and analysis of variance were used to determine statistical significance.
Results
The first group of experiments was designed to examine if glucocorticoids administered to animals affected blood and urine pH and bicarbonate concentration. There was no difference between untreated and vehicle-treated control animals, so the results were combined. As shown in Table I , there was no difference in blood pH and blood bicarbonate concentration in control rabbits and dexamethasone treated rabbits. The urine pH and urine bicarbonate concentration in control animals was 8.12±0.06 and 203.4±23.0 meq/liter, respectively. The urine pH and urine bicarbonate concentration in dexamethasone-treated animals were 7.64±0.24 and 104.7±24.9 meq/ liter, respectively (both P < 0.05). Thus, in vivo administration of pharmacologic doses of dexamethasone significantly decreased urine pH and bicarbonate concentration.
PCT from control and dexamethasone treated animals were next studied in vitro. There was no significant difference between vehicle-treated control animals and the untreated controls used in this study and they were again combined. The mean PD in control animals was -4.6±0.3 mV (n = 53), which was not different than the -4.0±0.6 mV (n = 8) measured in the dexamethasone-treated group. The rate of volume absorption and bicarbonate absorption measured in control (n = 57) and dexamethasone-treated animals (n = 8) are shown in Fig. 1 . There was not a significant difference in the rate of volume absorption in control animals (0.82±0.04 nl/ mm -min) and dexamethasone-treated animals (0.92±0.08 nl/mm -min). However, the rate ofbicarbonate absorption in the dexamethasone group was 92.0±13.3 pmol/mm -min, which was significantly greater than the 59.9±3.2 pmol/ mm * min measured in the control group (P < 0.01 ).
The systemic effect of glucocorticoids could be mediated indirectly by other hormones or by hemodynamic effects. To determine directly if glucocorticoids or mineralocorticoids affect proximal tubular transport, either dexamethasone or aldosterone was added to the bathing solution after the control period. The results are shown in Table II and Fig. 2 . As previously demonstrated in our laboratory and other laboratories ( 13, 14) , there is a tendency for the PD to increase with time. This was comparable in all groups studied (P = NS). There was no significant difference in the rate of volume absorption or bicarbonate absorption in the time control, with 10-6 M aldosterone and with l0-7 M dexamethasone. After 3 h of incubation with 10-6 M dexamethasone there was an increase in bicarbonate absorption from 57.6±6.3 to 76.0±9.4 pmol/ mm min (P < 0.05). There was a comparable increase in bicarbonate absorption after 3 h of incubation with 10' M dexamethasone from 48.9±6.8 to 61.3±8.1 pmol/mm min (P < 0.05). There was also an increase in volume absorption noted at 3 h at 10' M dexamethasone from 0.72±0.08 nl/ ( 16, 17) . Dexamethasone-binding studies in dissected rabbit nephron segments were examined after incubation ofrenal pyramids or after in vivo injection of [3H]dexamethasone using autoradiography ( 16) . Nuclear binding was observed in all segments beyond the proximal tubule. Cytoplasmic binding of [3H ] dexamethasone was present in the proximal tubule. In addition, this group did not detect proximal tubular glucocorticoid receptors using immunostaining with monoclonal antiglucocorticoid receptor antibody ( 17) . Glucocorticoid receptors were detected in distal nephrons using this method. While these studies suggest that glucocorticoids use a different receptor or have a non-receptor-mediated effect on the proximal tubule, mRNA for the glucocorticoid receptor has recently been detected in several nephron segments including the proximal tubule ( 18) .
In this study systemic administration of pharmacologic doses of dexamethasone did not change blood pH or bicarbonate concentration. The urine pH and bicarbonate concentration were significantly lower in the dexamethasone treated animals. While these data are consistent with a stimulation of renal acidification, there are a number of other potential variables which could account for these results. The rabbits were not pair fed and the quantity of base-producing chow consumed could have been different. Dexamethasone could also have influenced gastrointestinal absorption of the base in the chow. In addition, glucocorticoids stimulate endogenous acid production which would result in greater acid excretion leading to a lower urine pH and bicarbonate concentration. Previous studies have examined the effect ofin vivo administration of glucocorticoids on renal Na +/ H + antiporter activity studied in vitro (10, 11 ) . Administration of the same dose of subcutaneous dexamethasone as in the present study resulted in a 70% increase in Na+/H+ antiporter activity ( 10) . This result compares well with the increase in bicarbonate absorption noted in our study. While these results do not directly demonstrate an effect of glucocorticoids on the proximal tubule epithelium, they do show that systemic glucocorticoids can have profound effects on proximal tubule acidification. However, our study only examined the effect ofpharmacologic doses ofglucocorticoids on proximal convoluted tubule acidification in glucocorticoid replete animals. We did not compare proximal tubule acidification in glucocorticoid deficient animals to glucocorticoid replete animals.
Previous studies have suggested that glucocorticoids may be important in maturation of proximal tubule transport. Triamcinolone binding to a proximal tubule suspension (85-90% proximal tubules) was significantly greater in 20-d old (young) than in 40-d old (adult) Sprague-Dawley rats (19) . This group also examined the effect of pharmacologic doses of glucocorticoids on volume absorption using the split droplet technique and proximal tubule NaKATPase activity (20) . Glucocorticoids had no effect on volume absorption and NaK ATPase activity in adult animals, but caused a significant increase in young rats. We have previously examined the effect of subcutaneous administration of 60 Ag/kg of dexamethasone administered daily to pregnant does 3 d before their expected date of delivery. This small dose of glucocorticoids produced a significant increase in volume absorption, PD, and bicarbonate transport in dexamethasone treated as compared to control neonates (21 ) . There was also a small, but not significant, increase in glucose transport in neonates studied within 48 h of birth. The above studies are consistent with glucocorticoids increasing proximal tubular transport by stimulating the NaKATPase and suggest that glucocorticoids may act by stimulating the NaKATPase in neonatal proximal tubules. In the present study, a significantly greater dose of dexamethasone ad-ministered to adult rabbits produced a large increase in bicarbonate absorption as compared to controls, but there was no significant effect on the transepithelial potential difference or on volume absorption. Thus, in adult animals, glucocorticoids may have a more selective action on proximal tubule bicarbonate absorption, perhaps by selective stimulation ofthe Na+/H+ antiporter ( 10, 11).
The above studies are consistent with a direct effect of glucocorticoids on the proximal tubule, but do not exclude indirect effects of glucocorticoids via changes in other systemic hormones or hemodynamic changes. Recent studies have provided evidence for a direct effect of glucocorticoids on chick renal epithelial cells (22) . Dexamethasone inhibited phosphate uptake in primary cultured renal epithelial cells. This effect is observed within 4 h after addition ofdexamethasone and maximal inhibition occurred at 18 h. The effect was dose dependent with a small inhibition ( 13%) at I0-7 M and maximal inhibition at 10-6 M dexamethasone. The dexamethasone induced inhibition was blocked by actinomycin D and cycloheximide. These results are in good agreement with the dose and time course of our studies, though it was not technically possible to examine the effect of dexamethasone in isolated and perfused proximal tubules for longer than 4 h.
There is also evidence for a direct effect of glucocorticoids on mammalian renal cells. In a single cell preparation consisting mainly of proximal tubule cells from New Zealand White Rabbits, dexamethasone inhibited sodium-dependent phosphate transport in a dose dependent manner (23) . This group has also examined the effect of dexamethasone on Na+/H+ antiporter activity. Within 1 h ofaddition of I0-7 M dexamethasone there was an increase in Na+/H+ antiporter activity (24) . The stimulation by dexamethasone was not observed in the presence ofactinomycin D or cycloheximide. In these studies the effect of dexamethasone was dose dependent and occurred at 10-9 M, though greater stimulation occurred with 10-6 M dexamethasone. This difference in dose response between this study and our own may be caused by a greater sensitivity to detect a change in Na /H + antiporter activity than on whole tubule bicarbonate absorption. However, these studies used a cell suspension that contained cells other than proximal tubule cells, which could respond to dexamethasone at lower concentrations.
The present in vitro microperfusion study examined the effect of dexamethasone on proximal convoluted tubule bicarbonate transport. In vivo administration of pharmacologic doses of dexamethasone resulted in an increase in bicarbonate absorption in isolated proximal convoluted tubules. Incubation of proximal tubules with 10-6 M and 10-5 M dexamethasone resulted in a direct stimulation in bicarbonate reabsorption within 3 h of incubation, which was dependent on RNA and protein synthesis. This study did not address whether lower concentrations of dexamethasone over longer periods of incubation could have stimulated bicarbonate transport. Thus, the physiologic importance of glucocorticoids to modulate proximal tubule bicarbonate reabsorption remains an important unresolved issue. This study, however, directly demonstrated that pharmacologic concentrations of glucocorticoids stimulate proximal tubule bicarbonate reabsorption.
